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Almtraet--Fluctuations ccur in the labelling index (LI) of mouse pidermis over the first two days after 
application of tritiated thymidine (3HTdR) for which there has in the past been o explanation. Similarly, 
there has been o adequate explanation for the fluctuations in the percent labelled mitoses (PLM) data 
seen immediately after the first peak. Here we propose amodel which provides an explanation for both 
these features. The hypothesis suggested is that some cells are killed by the 3HTdR either immediately 
when they are still in the S phase or later when they have reached G~. In both cases the labelled precursor 
is released from the cell and may be incorporated into other S phase cells after an appropriate d lay. The 
model has been formulated into a computer programme which can derive the appropriate LI or PLM 
curves and fit curves to the relevant data. The resulting curves fit the data well suggesting that such 
cytotoxic and reutilization processes may in fact occur. 
INTRODUCTION 
In autoradiographic labelling experiments using the radioactive nucleotide tritiated thymidine 
(3HTdR), the label itself may influence the expected labelling curves. A mathematical model has 
been proposed [1] which gives an interpretation of the experimental findings by Tvermyr [2, 3], 
Olsson [4] and Clausen et al. [5]. 
To incorporate more recent measurements of the labelling index (LI) and the percentage of 
labelled mitoses (PLM) for mouse epidermis Potten et al. [6] and Potten and Bullock [7] within 
which there is evidence of perturbations or as yet unexplained oscillations, the model has been 
modified in the present paper. Data obtained when 3HTdR is administered at 3.00 h or 15.00 h are 
used to study possible effects of perturbation by thymidine. 
METHODS 
Experimental methods 
Male DBA-2 mice between the ages 7 and 8 wk were used throughout. In all cases 25/~Ci of 
(3HTdR) (5 Ci/mM) was injected i.p. at specified times of the day or night. Groups of not less than 
4 mice were sacrificed at various times thereafter. Samples of skin were removed for the preparation 
of epidermal sheets or for sectioning. Autoradiographs were prepared using Ilford K5 emulsion 
and exposure times of 2-4 wk. 
Using 4 grains as the minimum to define a labelled cell the autoradiographs were scored for the 
labelling index and percentage of labelled mitoses. For the latter, a minimum of 25 mitoses were 
scored per mouse. In all other cases a minimum of 1000 epidermal basal cells were scored. Full 
details of the techniques used in the LI experiments are presented in Potten and Bullock [7] and 
for the PLM experiment in Potten et al. [8]. 
Mathematical methods 
(a) Cell compartments without perturbation. Our model of the basal layer of epidermis has been 
simplified to consist of a stem cell compartment A and a compartment P which corresponds to 
postmitotic maturing cells which have a random loss from the basal layer (Fig. 1). Each phase of 
the A compartment is divided into several subcompartments. By assuming a Poisson process the 
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Fig. 1. Simplified model with stem cell compartment A and postmitotic compartment P. Each phase of 
the cell cycle is divided into subeompartments. 
number of cells y~(t) in a subcompartment i is given by the differential equation 
3~, = )`~-lYe-l(t) - )`,y,(t) (i = 2 . . . . .  N). (1) 
After mitosis it is assumed that one of the two new cells returns to the G t phase, the other leaves 
the stem cell compartment and enters P. We have thus 
Y l  = )`NyS - -  )`lyl (2) 
and for the cells in the postmitotic ompartment P 
Ye = )`Ny~ - )`eye. (3) 
The number of stem cells is then 
N 
~(t )= ~ y,(t) 
i=l  
and the total number thus Y( t )= Ya(t)+ye(t) .  1/)`i gives the mean transit time through the 
subcompartment i. Assuming that )`, is constant for each phase, we have for the mean phase 
duration T~ = n~/2~ with the standard eviation sx = x/-~x/)`x = Tx/x/~x, where nx is the number of 
subcompartments of phase x (x denotes the subscripts G1, S, G2, M, P). Tp = 1/)`p gives the average 
transit time through the P compartment, which is related to the half-life by Tt/2 = Tp In 2. 
If we have a subpopulation of labelled cells (denoted by the superscript +) a similar system of 
differential equations has to be solved for y~+, where 2~ + = 2~ should be valid. Then we get for 
the LI 
LI = (Y+ (t) + y-~(t))/Y(t) 
and for the fraction of labelled cells in mitosis 
(4) 
In our computer programme the phase duration Tx and the number of subcompartments x 
determine the coefficients )`x = nx/Tx for every phase x. At labelling time t = 0 the number of cells 
in the subcompartment i is assumed to be y~(0)= 1/)`~. The time expansion is given by numeric 
integration according to formula (1)-(3) by 
y,(t + At) = At)`,_ ~y~_, (t) + (1 -- At)`~)yi(t), (6) 
where an integration step of At = 0.1 h proved to be sufficient for convergence. Corresponding 
remarks hold true for the labelled cells y/~ (t). 
(b ) Perturbation by loss of cells and reutilization of label. The loss of cells from S is defined by 
a loss parameter d~, which gives the proportion of lost cells per integration step, i.e. equation (6) 
changes for labelled S cells in the loss phase to 
y+ (t + At) = At),,_ ~y+_ ~ (t) + (1 - At)`, -d l  )y/~ (t). (7) 
The total loss Di (in percent of initially labelled cells) is obtained by summing up over all these 
PLM = ~ y+(t) ~ y,(t) . (5) 
i~ N--nM+ I / /  \ i=N- -nM+ I 
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contributions 
D,= lOO( "C~"s ~ d,y+((k- l)At))/ "~"S y+(O), (8) 
\ i~n$1+l  k=l / l i=nGl+l  
where Ks = Ts/At. The released labelled precursor is stored in a pool POOL(t), from which it may 
be incorporated into other S phase cells after a delay V1. The time expansion of the pool is 
expressed by 
nGl+nS nGl+nS 
POOL(t + At )= POOL(t) + R, ~ d~y+(t - V~) - ~ F~(t). (9) 
i=nGi + I i=nGi + I 
The first sum gives the loss contributions of cells died during AtVI hours ago, the parameter RI
describes the mean number of newly labelled cells resulting from each dead cell, and the term F~(t) 
determines the number of cells labelled during At in subcompartment i of the S phase. Analogous 
to equation (7) we have in the reutilization phase 
y~+ (t + At) = AtAt_ ~y+_~ (t) + (1 - AtAi)y + (t) + F~(t). (10) 
A corresponding procedure was provided for cell death D2 in the early G] phase and subsequent 
reutilization characterized by R: 
nO+nG1 sub nG 1 +ns 
POOL(t  + At) = POOL(t )  + R2 E d2y + (t - V2) - E F~(t). (11) 
/=no+ 1 i=nGi + 1 
t,,O 
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Fig. 2. Scheme of manipulation based on the influence of 3HTdR (parameters correspond to Fig. 4 and 
Table 1; hatched: initially labelled cohort, dotted: labelling by reutilisation). (a) begining of loss of label 
(death) from initially labelled cells, (b) delay, (c) reutilization of label, (d) beginning of loss of label (death) 
from cells in early G~ phase (Gl,,b), (e) delay, (f) reutilization of label. For simplicity the scheme is
restricted to loss and reutilization of A cells, but the same may occur for P cells also. The DI, D z loss 
phases and R~, R2 reutilization phases refer to Fig. 3. 
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Fig. 3. The theoretical shape (full line) of the LI and PLM curves based on hypotheses (1)and (2) with 
Di ,  D 2 lOSS phases and R 1 ,R 2 reutilization phases. The dashed line gives the corresponding curve without 
perturbations caused by 3HTdR. (D,, D2, R~, R 2 are explained inTable 1.) 
The loss occurs when cells of the initially labelled cohort come in a subphase G 1 sub defined by 
the nr] sub subcompartments no + 1 . . . .  , no + nGI sub" The duration of the subphase is 
T~I s,b = n~l s,b/).61 and its onset is T O = no/2~1 hours after the beginning of Gl. 
(c) Parameter optimization. According to our hypotheses (next section) the cell kinetic devel- 
opment of a labelling experiment can be divided into four phases (Figs 2 and 3): the D~ phase is 
defined by cell death of initially labelled S cells. It lasts as long as cells of the labelled cohort are 
staying in S, i.e. from t = 0 to t = Ts. Reutilization of label starts after a delay (V~) and hence 
the Rt phase extends from t = VI to t = Ts + Vt. The second loss of labelled cells occurs in the 
D: phase, when the labelled cohort is passing the hypothetical subcompartment G 1sub of GI. This 
phase begins therefore at t = T~2 + TM + To and ends T6I ~ub + Ts h later. Similar to the R1 phase, 
the second phase of reutilization, R2, follows with a delay V 2. 
The phases D1, RI and R2 arrive at the "mitotic window" with a delay of TG2 and leave it T M h 
later. Therefore, the corresponding reutilization peaks in the PLM curve [Fig. 3(b)] are slightly 
shifted as compared with the Rl and R2 phase in the LI curve [Fig. 3(a)]. The effect of the D2 phase 
on the PLM curve can only be observed after a full cell cycle time because only then the labelled 
cells pass the "mitotic windows" a second time. 
The parameters D~, R~, D2, R2 were optimized separately by linear regression analysis using the 
experimental data of the corresponding phase. Before the analysis could be applied a coordinate 
transformation was performed to "linearize" the LI function: by variation of Dl for every 
experimental value Llexp(t:), j = 1 . . . . .  m a theoretical curve was determined which met this value 
at time tj. If the optimum parameter is denoted by D u, the transformed value was set Dut :. 
Obviously, a LI curve with the parameter D1 is transformed into a straight line DI t in this way. 
Applying the method of linear regression on the pairs (tj, Dutj), j = 1 . . . . .  m the "optimum" 
coefficient (D j ) ,  the standard eviation sl and the 95%-confidence interval can be calculated using 
the corresponding value of the t-distribution. The limits of the confidence interval, 
(Ol )l = (DI ) - (Sl/X/-m)tm- I;0.975 and (Di >, = (Di ) + (Sl/x/C-m)tm_ 1;0.975 are used to calculate the 
lower and upper curves in Figs 4 and 5. Taking the optimized parameter (D I )  as a constant he 
optimization procedure was repeated for the R1 phase, a. s. o. 
Hypothesis concerning 3 HTdR 
The possible influences of 3HTdR on cell cycle kinetics are summarized in the following 
assumptions, which are formulated mathematically and are shown in Figs 2 and 3: 
1. At time t = 0 all cells in S phase are labelled [Fig. 2(a)]. 
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Fig. 4. Theoretical curve fitted to the LI data obtained by labelling at 3.00 h. Dashed and dotted lines 
corresponding to the 95%-confidence limits of the various phases (a) changes of labelling index with time 
after labelling, (b) PLM curve obtained when the parameters used to fit the LI curve (a) are assumed. 
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2. Withing the first few hours after labelling some S cells are lost (die) because of 
damage from the 3HTdR. Their label is preserved in a pool, from which it is 
reutilized with a time delay of some hours [Fig. 2(b,c)]. Biologically this 
corresponds to the death of labelled cells shortly after labelling releasing their label 
a few hours later after lysis. 
!00 
80 
..1 
O. 
40 
20 
I 
(a) 
E 
H 
10 
/\ 
6 
4 
! 
I0 20 30 40 50 60 c o 
Time (h) 
I (b) R2 
? 
I I l [ l l eS i l l l i L I J L l l L~ l l l l l~  
i0 20 3O 40 5O 
Time (h) 
Fig. 5. Theoretical curve fitted to the PLM data obtained by labelling at 15.00 h. Dashed and dotted lines 
correspond to the 95%-confidence limits of the various phases (for 28-51 h see footnote ¢ in Table 1) (a) 
changes of percentage labelled mitoses with time after labelling, (b) LI curve obtained with the parameters 
used to fit the PLM curve (a) are assumed. 
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3. A similar loss is assumed to occur after mitosis in the early GI phase. This 
subphase of G1 will be denoted by G~ sub. The loss begins To h after mitosis when 
the initial labelled cohort enters Gt sub [Fig. 2(d)], and is finished when the cohort 
leaves G~ sub" A similar delay and reutilization of this label is assumed as before 
[Fig. 2(e,f)]. 
The theoretical consequences of these processes for LI and PLM experiments are schematically 
illustrated in Fig. 3. For comparison, the undisturbed LI and PLM curves also are shown (dashed 
lines), i.e. those expected in the absence of any 3HTdR effects on cell kinetics. 
Simulations of the LI changes over a time up to 350 h in conjunction with other data showed 
that a model with three transit compartments (T~, T2 and T3) derived from the stem cell 
compartment A was the most likely [6]. The best LI fit was found with the cell cycle times 
T~ = T rt = 180 h, T~ 2 = T r3 = 90 h, and Tp = 30 la. Parts of these data, the initial phase of labelling 
experiments have been reanalysed here. The calculations have been restricted to the first 60 h after 
labelling. Because of the large Tc, the presence of transit compartments has little influence on the 
labelled cohort over the first 60 h. Since little use is made of the cell cycle times or the transit 
compartments they can be omitted from the model for simplicity. A postmitotic transit ime of 
Te = 50 h was assumed since this gave a slightly better fit and the total number of cells Y was 
normalized to obtain the same theoretical nd experimental value for the initial labelling index 
LI0 = LI(0). 
Two hypotheses have been made to explain the influence of 3HTdR on the cell kinetics: 
Hypothesis 1. 
A loss of cells in S phase with reutilization of label a few hours later by other cells 
in S. 
Hypothesis 2. 
A loss of cells is Gl phase also with reutilization of label but over a longer time 
scale. 
Both hypothesis are suggested by published studies involving PLM and LI curves for epithelia: 
- -The LI often, but not always, shows an initial early decrease followed by a 
progressive rise until values nearly double the initial LI [7, 4, 9-11]. This has been 
discussed elsewhere [1]. 
- -The LI, once it has reached nearly 2LI(0), then shows further fluctuations, 
decreasing and increasing again rapidly [7, 9, 10]. This trough occurs when the 
labelled cohort of cells must be in early GI. 
- -  In many PLM curves a small peak can be detected shortly after the main first peak 
[8, 9, 11, 12] at roughly a time when the trough occurs in LI. These changes can 
be understood qualitatively by the second hypothesis outlined above. 
Both hypotheses result in characteristic changes in the theoretical LI and PLM curves, which 
are shown schematically in Fig. 3. The position, width and height of the first main PLM peak is 
mainly determined by the S and the G2 phases. The time of onset of the peak is determined by 
T~2. The width of the peak is determined by Ts, while its height depends at least in part on the 
variance of the S and G2 phase duration, which is given in our model by the number of 
subcompartments of the S phase. (A heterogeneity in the G: + S phases or the presence of 
nonreplicating S phase cells will also influence the height of the first peak.) 
Loss of S phase cells D~ result in an initial early fall in LI while the increase to values exceeding 
2LI(0) may result from a delayed reutilization. The proportion R1 of cells which are subsequently 
labelled by reutilization determines the height of the LI peak, while the slope depends on the 
duration of the delay VI before reutilization. In a PLM curve this reutilization results in a small 
peak following the main peak. Its position and height is also determined by the delay and the 
proportion of cells labelled by reutilization (Fig. 3). 
A death of labelled cells when in early GI (G~ sub) and the second elayed reutilization results in 
a trough in the broad LI peak. The depth, steepness and the height of the following rise can 
be influenced by the amount of cell death DE, the duration of the delay V2 and the proportion of 
Model l ing o f  the influence o f  3HTdR on cell kinetics in mouse epidermis 747 
Table I. Parameters used to generate the optimized theoretical 
curves in Figs 4 and 5 (for further details see subsection on 
mathematical methods) 
Time of labelling 
3.00h 15.00 h 
LI Fit PLM Fit 
[Fig. 4(a)l [Fig. 5(a)] 
Phase Durations 
T s S Phase 5+ 1.4h a 6.5_+ 2.9 h a 
T~ G z Phase 3 _+ 1.3 h a 5 _+ 2.2 h a 
T M M Phase 1 _+ 0.5 h a l _ 0.5 h a 
TGI ,ub (Hypothetical subphase of G t, 
beginning 8 h after the M phase) 8 h 8 h 
Loss of Cells in S Phase and Reutilization of their Label 
Loss Dt (percent of 
initially labelled cells) 23.2 _+ 9.0% b 19.5 _+ 11.7% b 
Phase of loss 0-5 h 0~,5  h 
Reutilization R I (newly labelled 
cells per dead cell) 1,83 _+ 0.57 b 1.44 +_ 0.17 b 
Delay V~ (between cell death and 
reutilization) 6.5 h 13.5 h 
Phase of reutilization 6,5-11.5 h 13.5-20 h 
Loss of Cells in G t Phase (from Glsub ) and Reutilization of their Label 
Loss D 2 (percent of available 
labelled cells in A and P)  50.2 + 16.0% b 32.2% c 
(0.3%,64.1%) 
Phase of loss 12-25 h 14-28.5 h 
Reutilization R2 (newly labelled 
cells per dead cell) 0.59 + 0.13 b 0.50 ~ 
Delay /"2 between cell death and 
reutilization 9 h 14 h 
Phase of reutilization 21-34 h 28-42.5 h 
'Mean phase duration _+ standard deviation. 
bOptimum parameter + standard deviation. 
CAverage from minimum and maximum of LI fit since no estimation 
from PLM fit possible. 
cells R 2 labelled by reutilization. As in the case of D~ a similar reutilization peak occurs in PLM. 
(Di, VI, Ri, D:, V2 and R E are  explained in Table 1.) 
RESULTS 
The results are summarized in Figs 4,5 and in Table 1. In the case of the 3.00 h labelling time, 
the LI data were fitted [Fig. 4(a)] and the PLM curve calculated by applying the parameters 
following from this fit [Fig. 4(b)]. The initial fall in LI corresponds to a loss parameter of 
D~ = 23.2%, i.e. one-fourth of the cells which are labelled in S phase die (or loose their label) during 
the first 5 h. The following increase of the LI curve was fitted best by assuming a delay of VI = 6.5 h 
and a parameter of reutilization of R~ = 1.83. This means, that the label from one dead cell would 
be distributed on average between nearly two cells which are subsequently labelled. 
The second drop in the LI can be explained by a loss of GI cells in a hypothetical subphase Gm sub 
8--16 h after mitosis. This leads to a loss phase from t = 12 h to t = 25 h after labelling. The loss 
parameter is found to be De = 50.2%, i.e. every second labelled cell available at that time is killed 
(or looses its label). The released label is reutilized with a delay V2 = 9 h, and the label from 
approximately two dead cells is needed to label one new cell (R2 = 0.59). 
The R~ peak (about 10 h after labelling) roughly coincides with the first PLM peak, resulting 
in its broadening [Fig. 4(b)]. The peak due to R2 occurs after about 25 h in the PLM curve, which 
is larger than suggested by the data. 
In the case of labelling at 15.00 h the PLM data were fitted [Fig. 5(a)] and the parameter from 
this fit were used to generate the LI curve [Fig. 5(b)]. The experimental PLM curve shows a 
pronounced second (at about 20 h) and third (at about 35 h) peak which on the basis of our 
hypotheses can be interpreted as reutilization peaks R~ and R2, respectively. Furthermore, the 
height of the first PLM peak is influenced by the loss D~ of cells from the S phase. In this case 
the loss turned out to be D~ = 19.5% the delay is found to be V~ = 13.5 h and the parameter of 
reutilization equals R~ = 1.44. 
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Fitting the PLM data does not permit an estimate of D2 since this loss would affect he second 
(regular) PLM peak occurring only after one cell cycle time which is beyond the time analysis. 
Therefore De is taken as an average of the parameters D~n= 0.3% and D~= 64.1%, which 
correspond to the extreme xperimental values of the labelling index at 48 and 28 h, respectively 
[Fig. 5(b)]. Thus one finds De = 32.2% which corresponds to a loss of one-third of the available 
labelled cells from G~ sub" After a delay of 14 h the labelled precursor is reutilized, and the label 
from two dead cells is needed to label one new cell (R2 = 0.50). 
If one applies the parameters following from this PLM fit to the LI data [Fig. 5(b)] one finds 
a theoretical curve with an initial minimum after 4 h and a plateau after 15 h. The initial trough 
reproduces the data while the final plateau is in contrast to the oscillations experimentally observed. 
Instead of using the LI data in Fig. 4(a) to fit the parameters one also could use the PLM data 
in Fig. 4(b) and then calculate the consequences on the LI. We have done this but the results are 
less satisfactory, mainly because the PLM data in Fig. 4(b) allow no clear identification of the Rt 
and R 2 peaks. The same holds true for a LI-fit using the data in Fig. 5(b) and calculating the 
consequences for the PLM in Fig. 5(a). 
DISCUSSION 
Our simulations suggest that the initial fall and the trough in the first peak of the LI data may 
be explained by perturbations induced by the tritiated thymidine. It is suggested that 3HTdR causes 
the loss of labelled cells in the S phase and also in early Gt. This loss may be due to cell death 
and lysis. The label which is set free is efficiently reutilized after an appropriate delay. 
Some of the initially labelled cells may die and release their label rapidly. This may enter a pool 
from which it cannot be incorporated for some time e.g. into a special intracellular pool in late 
GI cells which are about 6.5 to 13.5 h from the Gt/S boundary. When these cells reach S they 
incorporate the label into their DNA. Such delayed incorporation has been postulated from other 
experiments [13-15]. Alternatively, it may take some time (about 6.5 to 13.5 h) to biochemically 
convert the fixative-soluble DNA breakdown products into molecules which can be reincorporated 
in DNA. 
The results uggest that the right part of the main PLM peak may be broadened or show one 
or more small peaks due to the reutilization of label from S-phase cells [Fig. 4(b),5(a)]. If this 
reutilization would occur at a similar time to the PLM peak, classical PLM analysis would tend 
to overestimate he duration of the S phase. 
The distinct initial troughs observed in the LI data [Fig. 4(a),5(b)] can be understood by loss 
of S-phase cells and reutilization of their label several hours later. Without perturbations induced 
by 3HTdR this initial minimum and the subsequent high rise of the LI cannot be interpreted. 
The further behaviour of the LI data, 10 h and more after labelling, especially the second istinct 
fall in the LI for the 3.00 h data can be satisfactorily described only by loss of early G~ ceils and 
the subsequent reutilization. The reincorporation f the label, however, produces a rather marked 
R2 peak in the PLM [Fig. 4(b)]. The data on the whole do not show such a pronounced peak. 
This discrepancy perhaps may be in part explained by differences in the experimental techniques: 
because of the shorter autoradiographic exposure time usually used for PLM analysis, it is possible 
that weakly labelled cells are overlooked. In fact, if lower grain thresholds or longer exposure are 
used, the "reutilization" peaks in the PLM curve are enhanced (see Fig. 5 in Potten et al. [6]). On 
the other hand, if one starts with a PLM fit [Fig. 5(a)] the observed reutilization peaks R~ and R2 
seem to be too small to explain the pronounced oscillations in the LI [Fig. 5(b)] and a certain 
consistency may be seen with the arguments given above. 
It should be emphasized, however, that we do not interpret he R2 peak as representing a 
subpopulation of fast cycling cells but as an artefact introduced by the labelling technique. 
The loss of cells can be significant in comparison with the number of labelled cells, but is small 
compared with the total number of cells, e.g. for labelling at 3.00 h 23% (= DI) of the initially 
labelled cells die. Since the initial label index is LI0 = 6.5%, this means that 1.5% of all cells are 
lost in S-phase. It may be difficult in many experiments o detect such a small number of cells 
killed by aHTdR. 
The parameters in Table 1 have been used to fit the details of the experimental data. Other 
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parameters or other hypotheses perhaps may lead to a similar fit. Therefore, the parameters cannot 
be interpreted as estimates which follow uniquely from our analysis but they only show one way 
to consistently interpret the complex perturbations introduced by the application of tritiated 
thymidine. The analysis serves only to generate new hypotheses on these mechanisms which have 
to be tested separately using data from other experiments. 
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